Abstract
Introduction
Since the early observation that patients with prosthetic cardiovascular devices (artificial heart valves, ventricular assist devices) developed significant hemolytic anemia, a great number of studies that span over half a century have been committed to understand how the erythrocytes respond structurally and morphologically to non-physiological levels of pressure, temperature, shear stress, and duration of exposure. A first empirical relation to fit shear stress and duration of exposure can be found in Rand [1] :
However, this relation was only used for qualitative experiments, as done by Papantonis [2] for radial flow impellers. A first attempt at a quantitative relation for the index of hemolysis was then derived by Lambert [3] with the following relation:
A similar development was later conducted by Wurzinger et al using a custom coaxial cylinders viscometer [4, 5] yielding the following relation presented by Giersiepen et al [4, 6] . The difference between relations (2) and (3) is very significant and is assumed to be caused by subhemolytic damages, or predamage, to the red cells during the preparation of samples making it sensitive to shear stress values (τ) (higher exponent) [7] .
The equation developed by Giersiepen et al is the most used relation for CFD studies involving hemolytic potentials. However, there is significant differences between the blood preparation protocols and thus, efforts are being done towards this end [7, 8] . One important limitation lies in the fact that human blood cannot be obtained in large quantities to provide enough data to derive a reliable reference. In that context, blood analogs would provide the means to develop a standard protocol.
A commonly-used substitute is blood derived from other species, which have been employed in rheological and hemolysis studies as well as in the evaluation of many cardiovascular devices [8] [9] [10] . Although the chosen species from which blood is extracted do not share the same genus as humans', their physiological and mechanical properties bear many similarities such as viscosity, cell shape and size. Moreover, an important factor that would obviously influence the choice of a blood analog would be the difference in its mechanical fragility with respect to human blood. For example, a study led by Jikuya et al (1998) [11] showed that, in addition to differences in mean corpuscular volume between ovine, bovine and human, bovine blood showed significantly lower damage (about 50%) compared to human blood while ovine blood displayed higher damage values (about 180%).
Furthermore, separate reviews from Mueller et al [12] and Thurston [13] underlined the major problems that still influence results when using analogs derived from animals. They are tied to the fact that these blood analogs are biological. Therefore, there is great variability between samples, high chances of induced subhemolytic damages through manipulation and storage, and unknown distributions of cell age in samples. Other means have therefore been developed to solve the biological problem such as creating an artificial blood analog through the use of polymers that have controllable and reproducible characteristics. One such analog has been introduced by Pohl et al [9, 10] which exploits the changes in low shear viscosity plateau values of a solution of Aqueous Polyacrylamide after being exposed to high shear stresses for a determined length of time. In principle, a dispersed polymer follows a series of rearrangements of its molecular network caused by increasing shear stress. Thus, applying stresses beyond a certain range causes an irreversible degradation of the network and can be directly quantified by measuring the decrease in the low shear rate viscosity plateau of the blood analog. Another recent approach to develop an artificial blood analog for hemolysis has been developed by Maruyama et al [8, 14] which consisted of a suspension of microcapsules that ruptured under high shear stresses and liberated an agent that reacts to the suspending medium, leuco dye (colorless form of cyan dye). The reaction produced a low red contrast that is used for direct quantification. A thorough analysis was made by the same author assessing the influence of different capsule membrane materials (melamine and urethane) and capsule sizes. The suspension was found to be Newtonian and only a specific size of the microcapsules gave satisfactory results. Furthermore, since the authors used a tissue grinder to induce fragmentation, the blood analog was not tested to study the effect of time exposure on its hemolytic properties.
In this work, we propose the development of a suspension that exhibits non-Newtonian behaviour in the physiological shear stress regime and gives a good correlation with erythrocyte damage in the high shear stress regime.
Materials and Methods

Microparticle Alginate Gel Material
Alginate is a polysaccharide derived from sea algae that consists of a linear arrangement of block copolymers of 1-4 linked β-D-mannuronic (M) acid and α-L-guluronic (G) acid. Divalent ions have been found to form crosslinks in alginate by binding the guluronic residues, inducing a stable alginate gel. A commonly used divalent ion is calcium (Ca 2+ ). The properties of alginate have been the center of many studies since its introduction in the biomedical field. Its biocompatibility, high water retention, and modifiable mechanical properties have currently many uses in bioengineering. Many of those uses include polymer films, cell encapsulation [15] , wound dressing, surgical sponges, endovascular occlusion [16] , and color stabilization [17] .
Amongst the numerous studies made on the properties of alginate, the ones of interest are its mechanical and diffusive properties. From literature [18, 19] , the elastic modulus of the alginate gel ranges from 2.31 to 75 kPa. This wide range of this alginate property is dependent on its physico-chemical characteristics such as chemical composition, molecular weight, and from which plant family of algae it was extracted. It is also found that these properties will vary according with gelling conditions such as temperature and pH of alginate solution [20] . Yamagiwa et al led an extensive study of these effects on the properties of interest. This adjustment in mechanical properties is also useful in the development of a blood analog. It was found that the ratio of mannuronic and guluronic acid (M/G), temperature, and alginate concentration have the greatest effect on the compressive and diffusive properties of alginate gel. However, most of the experiments conducted on these properties were only designed to provide selection guidelines for drug controlled-release applications [20, 21] where the size of the drug molecule is very small compared to the pore size of the alginate gel [22] . In Figure 1 , we can observe the random pores on an alginate particle. Furthermore, the alginate that is obtained from the distributor (Sigma-Aldrich Inc) is found to have an M/G ratio of 1.56 which, from [20] , would have a minimum diffusion coefficient. From experiments that use alginate as a color stabilizer for food and clothing [17] , the encapsulation of pigments is more suited for our studies since there is little or no diffusion of the color out of the particles.
As described in the following, we propose to develop our blood model by incorporating a dye agent inside alginate microparticles.
Suspension Solution
Calcium Chloride, sterile Sodium Alginate (medium viscosity grade, MW = 38 500 kDa), and sodium citrate were purchased from Sigma-Aldrich (St-Louis, MO). The encapsulated color is a liquid pigment (Phenol Red No.1070) suspended in Polypropylene Glycol obtained from Kama Pigment (Montreal, Canada). The microparticles were prepared using a commercial high-pressure air-atomizing nozzle designed by Turbotak (Toronto, Canada) that was previously employed by Kwokk et al [23] . From a technique originally developed by Lim and Sun [15] , the sodium alginate is dissolved in dionized water at 1.2 % (wt.) concentration and stored at room temperature until the polymer completely dissolved. The liquid pigment was added to the aqueous alginate at 1% (vol.) concentration and stirred until the pigment became homogeneously distributed within the solution. The microparticles were produced by spraying the colored alginate solution in a receptacle containing an aqueous solution of calcium chloride at 1.5 % (wt.) concentration. High pressure and the alginate solution were fed to the nozzle using a commercial air compressor (Jun-air USA Inc., Illinois) and a roller pump (Masterflex L/S, L/S 14 tubing), respectively (see Figure 2) . The pressure, pumping speed, and the height of the nozzle were reported to have noticeable influence on the size distribution of the microparticles [23] [24] [25] . The most efficient settings to obtain the desired microparticle size were obtained with an applied pressure of 4.5 bar (65 PSI), a flow rate of 2 ml/min, and a nozzle height of 53 cm (21 in).
Once the entire volume of colored alginate was used, the content of the receptacle was sieved through a 100 microns mesh size followed by a 50 microns mesh size to further reduce the size distribution. The microparticle batch was then re-suspended into smaller 10 ml samples of new 1.5 % (wt.) concentration of calcium chloride solution at a particle volume concentration of 30%. 
Physical Properties Measurements
The dynamic viscosity of the resulting liquid suspensions was measured using a rheometer (Bohlin CVO 120 HR) with a double gap measurement system. The temperature was controlled by a water bath/circulator (Neslab RTE-111) connected to the rheometer. For the dynamic viscosity experiments, the
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Pressurized Air applied shear rates were from 0.01 -300s -1 , which is the range normally found in normal blood flows in healthy humans. The samples were pre-sheared for 60 seconds and kept idle for 60 seconds to insure particle homogeneity within the device. Each sample was sheared within the specified range with logarithmic increments every 10 seconds for a total test time of 150 seconds and a total number of 15 data points per test. The tests were conducted at a temperature of 25 ºC. Each sample preparation was analyzed three times under the same conditions.
Shear Device for Hemolysis Experiments
The shear stresses were applied on the fluid by using a custom-made shear device previously described and tested by Pohl et al [9, 10] . The device consists of an upper rotating plate and a lower static plate. The working principle of the device is displayed in Figure  3(a, b) . A fluid volume of 10 ml was forced by a syringe pump system (Sage 180, Sage Instruments) through a circumferential gap measuring 5 mm in length (distance between the inner and outer annular channels) and 0.140 mm in height. For the hemolysis experiments, we applied shear rates in the range of 39 -67428 s -1 (which corresponds to shear stresses of 0.15 -269.18 Pa assuming a constant viscosity of 4 mPa.s at high shear rates) The mathematical relation of the shear rate for the device as a function of angular velocity, channel radius, and channel height is derived from standard parallel plate viscometer relation [30] :
where ) (R γ& is the shear rate at a particular radial distance R from the center of the disk plates. The variable h represents the gap height and Ω represents the angular speed at which the upper disk is rotating.
The mean shear rate at which the blood analog will be exposed in the channel is [30] :
where R i and R o are the radial boundaries of the channel.
The integration yields the following relationship:
The parameters of our experiments were R i =27 mm, R o =32 mm, h =0.140 mm, Ω=0.1875-320 rad/s, corresponding to a resulting shear rate range of 39 to 67428 s -1 . The pumping time of the syringe was used to set the exposure time of the fluid in the shear field that ranged from 156-1297 ms after having calibrated the syringe pump. From the reviewed literature, these exposure times correspond to what can be observed in cardiovascular prostheses [5] .
The actual tests were carried at four shear stress increments (60, 120, 200, and 260 Pa) and at four different exposure times (204, 311, 648, and 1297 ms) for a total of 16 tests in duplicate series. 
Measures of Blood and Blood Analog Damage
From the hemolysis study done by Wurzinger et al [4] , the result of the damaging effects on erythrocytes is given by the index of hemolysis (HI):
To quantify the diffusion of the microparticles, half the original concentration of microparticles was dissolved in a solution of sodium citrate, which corresponded to a 50% hemolysis. The resulting solution was then divided and diluted into 4 samples of different concentrations (0.1, 0.2, 0.3, and 0.4 %). The samples were read with a UV-visible spectrophotometer (Cary 100 Bio, Variant) equipped with its own software package. The readings were done at a common wavelength found on all samples (Figure 4a) . A relationship between color intensity and pigment concentration was obtained as displayed in Figure 4b. ( )
where Abs is the intensity value measured at the 565 nm wavelength and DC is the pigment concentration released from the microparticles in percentage. 
Results
Particle Size Distribution
An image processor and a numerical software (TableCurve 2D 5.01, Systat Software Inc.) were used to characterize the microparticle size distribution. A sizing grid was generated with the image processor over the digital image of a sample to enable us to count the particle based on their sizes. From the distribution, we obtain a microparticle diameter mode of around 17 microns, which is approximately twice that of a red blood cell. The full width half maximum is approximately 19 microns.
Dynamic viscosity dependence on shear rate
The average curve of dynamic viscosity measurements using the methodology described in section 2.3 is displayed in Figure 6 for a 30% hematocrit suspension in 1.5% calcium chloride medium. As shown below, this hematocrit was determined using a bisection method in order to match the asymptotic dynamic viscosity of whole human blood at high shear rates. All samples exhibited shear-thinning properties from shear rate of 0.1-150 s -1 . At higher shear rates (>150 s -1 ), a transition to a Newtonian behavior can be seen stabilizing at ~4 mPa.s, which is very close to that of blood in this particular range . The average curve corresponding to whole blood was obtained from data found in the literature [31] [32] [33] [34] [35] [36] [37] .
We note that the general behaviour of the blood analog suspension follows that of average whole human blood. As mentioned above, the asymptotic (Newtonian) viscosity is also very close to that of human blood.
Shear-induced microparticle diffusion
The particle diffusion results obtained with the apparatus and methodology described in sections 2.4 and 2.5 are summarized in Figure 7 . The release of the dye agent from the microparticles is shown to be dependent on the duration of exposure for different applied shear stresses. The relationship between the concentration of dye agent released and the shear-induced hemolysis of human blood found in literature is shown in Figure 8 . The following a third power exponential provides an excellent quality fit:
The surface regression was done using a mathematical software (Tablecurve 3D v.4.0.01, Systat Software Inc.) to fit a particular mathematical model to the datapoints. For comparison purposes, the same mathematical model used by Wurzinger [4, 6] , HI (%) = Aτ α t β , was used. The parameters for A, α, and β for the blood analog and whole human blood are given in Table 1 . The surface regression plots with one fixed parameter is to see their influence of the quality of the fit done by the software. Table 2 . Global error from the parameter vectors of the surface fits of the experimental data points compared to the parameters obtained by Wurzinger et al [4, 6] . where A, α, β are the parameters from the mathematical model used by Wurzinger et al and to fit the experimental data points. The resulting error for the surface plots are given in Table 2 .
Parameters
Discussion
We have presented a procedure to manufacture a blood analog suspension of microparticles that can reproduce the non-Newtonian properties of human whole blood at physiological shear rates such as shear-thinning. Furthermore, the suspension can also be used for hemolysis experiments. Such properties in an analog would be useful in a wide range of applications to study blood flow and hemolytic properties associated with the use of a medical device. It would reduce the need to employ whole blood from various species such as bovine, pigs, etc., reduce the risks of infection and contamination to the users, and standardize the conditions of the tests and provide for a stable, synthesized fluid.
Dynamic viscosity dependence on shear rate
The non-Newtonian effect at applied shear rates is due to the effect of two major properties of the suspension. One is attributed to the fact that a suspension is generally non-Newtonian shear-thinning and the second is the presence of Ca 2+ ions that contribute to the aggregation of the micoparticles. From literature [26] , once the crosslink between the Ca 2+ and alginic acid is made, there are still unlinked carboxylic binding sites where loose calcium ions can bind and unbind randomly. It is assumed that the presence of additional Ca 2+ ions produces a bridging effect between two or more particles. The effects of a change in calcium concentration or a change of ions having a higher affinity such as barium (Ba 2+ ) and Strontium (Sr 2+ ) have not been covered in this work. Although it was not thoroughly studied in the present work, the presence of Na + ions may also contribute to the reduction of the elastic modulus of the microparticles [26] of about 63 %. A reduction the elastic modulus may contribute in a reduction of viscosity at shear rates >100s -1 (increased elastic deformation of the particles).
Another factor that should be accounted for the viscosity is the particle size distribution. Current accessible technology to produce microparticles does not permit a near homogeneous distribution for sizes below 160 microns [22] . A suspension having an homogeneous size distribution of microparticles might produce more uniform properties and behaviours. Furthermore, relationships with current mathematical models can be established more easily in order to predict the behaviour of the suspensions in flow.
Shear-induced microparticle diffusion
The diffusive properties of the alginate microparticles were used to reproduce the hemolytic potential of red blood cells. To the best of our knowledge, no experiments have attempted to model the diffusive properties of alginate loaded with a dye agent under the coordinated influence of shear stress and duration of exposure, this work provides a good foundation for future studies and match them with whole human blood properties. Compared to the works done by Pohl et al [9, 10] , the diffusion of a dye agent from microparticles provide a more natural and similar behaviour of RBC damage than the molecular degradation of APA. Furthermore, microparticles can also be used to understand how the RBCs are transported and exposed to shear stress.
From Table 2 , it can be observed that there is noticeable difference between the parameters from Wurzinger and the blood analog with a global parameter error of 30%. However, the surface regression fit with one fixed parameter obtained a global error of less than 6%, which gives a very close approximation of the parameters derived by Wurzinger et al. Thus, fixing a parameter at 2.416 can be used to give a satisfactory relation between the concentration of released dye from the blood model to the concentration of released hemoglobin from human blood. From Figure 7 we have noticed a premature release of dye agent in the shear stress range of 0-120 Pa similar to a burst release often observed in literature [27] . This initial release cause higher values to be recorded at low shear stresses as opposed to smaller values seen in Figure 9 Adding a layer of Chitosan, a biological polymer, to the alginate microparticle can reduce the pore size to a range of 20 to 100 kDa in contrast to ~1000 kDa for alginate alone. This reduction of pore size may decrease the release of dye agent in the low shear stress range.
As mentioned earlier, the current apparatus used to create the microparticles does not enable us to create perfectly spherical and homogeneously-sized beads. If this design problem is resolved, the alginate microparticles could serve as the initial step in the development of Alginate-Poly-L-Lysine-Alginate microcapsules, a commonly-used microcapsule in the biomedical field. This concept of a liquid core encapsulated by an elastic polymeric membrane has been the subject of several papers [26] . However, a critical factor of the protocols is related to the generation of spherical alginate microparticle since the morphology has a significant influence on the integrity of the membrane. For example, a dropletshaped microparticle would develop a weaker membrane thickness at the tail that would break once the alginate core is liquefied. The microcapsule would be a more natural model to reproduce the hemolytic potential of red blood cells, as compared to the diffusive properties of standard alginate microparticles. The polymeric membrane mechanical properties can also be characterized and be mathematically modeled by known mathematical models developed by other groups such as Barthès-Biesel and Drochon [28, 29] . These models can help us find the correct membrane properties to reflect the RBC's.
The use of other polymers such as PLGA may also yield different diffusive properties as alginate and might prove to be better blood analogs. However, the choice of alginate was made in terms of production simplicity whereas other polymers often need more complicated and costly preparation protocols and different chemicals to produce the same microparticles.
Another factor to take into account is the size distribution of the microparticles. Larger particles are more likely to deform under stress where smaller ones are more rigid. This may force more dye agent from the larger particle yielding a higher dye concentration compared to more homogenously-sized beads.
We have demonstrated that a model blood consisting of natural gel microparticles can reproduce the same shear-thinning properties as human blood in the physiological range of shear rates. Another property that has been satisfactorily matched is the hemolytic potential of human blood at high shear stresses. Although the blood analog did not exactly reproduce the hemolytic properties of blood, its general properties are sufficiently similar to be employed as a preliminary evaluation tool for bloodwetted devices known to cause red blood cell damage.
